In this paper we present an extensive study of the electronic, magnetic, and transport properties of finite and infinite periodic atomic chains composed of carbon atoms and 3d transition metal ͑TM͒ atoms using firstprinciples methods. Finite-size, linear molecules made of carbon atomic chains caped with TM atoms, i.e., TM-C n -TM structures are stable and exhibit interesting magnetoresistive properties. The indirect exchange interaction of the two TM atoms through a spacer of n carbon atoms determines the type of the magnetic ground state of these structures. The n-dependent ͑n = 1 to 7͒ variations of the ground state between ferromagnetic and antiferromagnetic spin configurations exhibit several distinct forms, including regular alternations for Ti, V, Mn, Cr, Fe, and Co, and irregular forms for Sc and Ni cases. We present a simple analytical model that can successfully simulate these variations, and the induced magnetic moments on the carbon atoms. Depending on the relative strengths of the carbon s, p and TM d orbital spin-dependent coupling and on the on-site energies of the TM atoms there induces long-range spin polarizations on the carbon atoms which mediate the exchange interaction. While periodically repeated TM-C n atomic chains exhibit half-metallic properties with perfect spin polarization at the Fermi level, finite but asymmetric chains comprising single, double, and triple TM atoms display interesting spin-dependent features. These properties may be altered when these structures are coupled to electrodes. However, when connected to appropriate electrodes the TM-C n -TM atomic chains act as molecular spin valves in their ferromagnetic states due to the large ratios of the conductance values for each spin type.
I. INTRODUCTION
Utilizing the spin degree of freedom of electrons in the solid-state electronics has led to the emergence of a rapidly developing field of spintronics. [1] [2] [3] Creation of nonequilibrium spin populations and spin-polarized currents are essential for spintronic device applications. Important electronic applications based on magnetoresistive effects in twodimensional ͑2D͒ heterostructures are already realized. [4] [5] [6] Typical devices, such as magnetic read heads in computer hard drives, and nonvolatile magnetic random access memories are made of magnetic multilayers, where the relative alignment of the layer magnetizations causes large variations in the resistance of the structure. The effect is known as giant magnetoresistance ͑GMR͒, and was discovered in Fe/ Cr multilayers. 7 In such magnetic superlattice structures, the magnetization of the layers are coupled to each other by an indirect exchange interaction mediated by the electrons of the spacer layer. 8, 9 The interlayer exchange coupling and the magnetoresistance are found to be oscillating as a function of the spacer thickness, and the interaction amplitude asymptotically decays proportional to the inverse square of the spacer thickness. [10] [11] [12] There are continuing efforts in improving issues in materials fabrication and device design of layered magnetic structures. With the advent of nanotechnology fabrication of quantum structures with dimensions of the order of molecular and atomic sizes became accessible, and analogous magnetoresistive properties are studied in 1D geometry. In carbon nanotubes, for instance, the indirect exchange coupling between magnetic impurities are quite long ranged, 13 ,14 a
property that can be exploited in future spintronic devices. Fundamental spin-dependent electron transport properties have been demonstrated in the context of molecular spintronics [15] [16] [17] [18] [19] [20] which is a promising field of research in basic science and potential applications. Even the ultimately thin wires made of single atomic chains are produced under experimental conditions and are actively studied. These nanowire systems include atomic chains of both metal and transition metal elements such as Al, Au, Cr, Fe, etc., as well as C and Si atomic chains which also exhibit metallic properties. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Much recently, finite or periodic forms of transition metal ͑TM͒ monatomic chains have been subject of various theoretical studies. The atomic structure, and magnetic and transport properties of these chains have been investigated. [32] [33] [34] [35] In this context, first-principles studies of elemental or compound atomic chain structures that can produce spin polarization effects are important. Even the extreme case of complete spin polarization in the absence of magnetic field can be achieved in a special class of materials, the so-called half-metallic ferromagnets. 36, 37 Zinc-blende ͑ZB͒ half-metals with high magnetic moment and high Curie temperature T c Ͼ 400 K ͑such as CrAs and CrSb in ZB structure͒ have been grown in thin-film forms. 38 Density functional calculations show that CrAs-MnAs superlattices have half-metallic property with 100% spin-polarized electrons around the Fermi level. 39 Half-metallic properties have been also predicted in simple 1D atomic chains composed of carbon and TM compounds. 40 Carbon chains in this respect are promising, since carbon has a strong tendency to form linear atomic chains, whereas other elements tend to make zigzag chains and they are more vulnerable to clustering. 30 In any real device the system length is certainly finite, so that the considerations regarding the properties of finite carbontransition-metal compound atomic chains, such as whether spin-polarized currents can be achieved in these structures, and the effects of metallic electrodes on their transport properties are interesting points to address. In this paper we study the spin-polarized structural, magnetic, and electronic transport properties of carbon atomic chains caped with 3d TM atoms. The linear structure of these finite atomic chains are stable even at elevated temperatures. The magnetic ground state of the TM-C n -TM molecular chains are either ferromagnetic ͑FM͒ or antiferromagnetic ͑AF͒ depending on the relative alignment of the local magnetic moments on the TM atoms. Whether the FM or AF alignment leads to a lower energy depends on the indirect exchange interaction of the TM atoms mediated by the carbon atomic chain. The ground state configuration and the total magnetic moment of the structures are determined by the number of carbon atoms in the spacer. The sizedependent variations of the physical properties of such systems exhibit several distinct forms, including regular alternations for Ti, V, Mn, Cr, Fe, and Co, and some irregular forms for Sc and Ni cases. In order to understand the underlying mechanism of such diverse variations we present a simple Hückel-type tight-binding model. We also investigate the transport properties of these structures. The conductance of TM-C n -TM molecules when connected to metallic electrodes show a strong spin-valve effect.
II. METHOD OF CALCULATIONS
We have performed first-principles plane-wave calculations 41, 42 within density functional theory ͑DFT͒ 43 using ultrasoft pseudopotentials. 44 The exchange correlation potential has been approximated by spin polarized generalized gradient approximation ͑GGA͒ 45 using PW91 functional. Other exchange-correlation potentials have been tested for comparison. All structures have been treated by supercell geometries using the periodic boundary conditions. To prevent interactions between adjacent structures a large spacing ͑ϳ10 Å͒ has been taken in all directions. In the selfconsistent potential and total energy calculations Brillouin zone ͑BZ͒ has been sampled by considering ⌫ point only, since we are dealing with finite molecular systems. A planewave basis set with kinetic energy cutoff ប 2 ͉k + G͉ 2 /2m = 350 eV has been used. All atomic positions are optimized by using the conjugate gradient method where total energy and atomic forces are minimized. The convergence of calculations are achieved when the difference of the total energies of two consecutive steps is less than 10 −5 eV and the force on each atom is reduced below 0.05 eV/ Å. Magnetic ground state is identified by calculating the energy difference ⌬E T = E su − E T sr ͓the difference between spin-unpolarized ͑su͒ and spin-relaxed ͑sr͒ total energies͔. Chains with ⌬E T Ͼ 0 and Ͼ 0 have ferromagnetic ground state. For antiferromagnetic states, ⌬E T Ͼ 0, = 0, but the sum of the absolute value of spin states,
The stability of optimized structures at T = 0 K is tested first by applying deformations by displacing the atoms in random directions from their equilibrium positions and then by reoptimizing the deformed structures. Strongly deformed structures returning to their initial optimized configuration are taken stable. Furthermore, we carried out calculations on the vibrational modes of the structures to search for probable instabilities. In addition, we performed ab initio molecular dynamics calculations at high temperatures using Langevin thermostat. 46 It should be noted that for comparison purposes the calculations have been repeated by using methods which utilize local basis sets, such as SIESTA 47 and GAUSSIAN03. 48 In the GAUSSIAN03 calculations the UBPW91 and UB3LYP functionals with 6-31G ** basis set have been employed and results have been subjected to wave function stability analysis. All these calculations have led to consistent results.
The equilibrium conductance calculations of the structures when connected to metallic electrodes have been done using Landauer formalism. 49 The required Hamiltonian matrices of the device and electrode regions are obtained in a DZP basis ͑double-zeta basis plus polarization orbitals͒ using SIESTA, 47 and the surface Green function of the electrodes is calculated recursively.
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III. ATOMIC STRUCTURE
A. Binding energy and stability
Carbon atom strings or chains, C n , which are the precursor to TM-C n -TM molecular structures, have been investigated for decades. 51 Finite segments of C n have already been synthesized. 52, 53 As an ultimate 1D structure having only one atom in the cross section, carbon strings can form only linear atomic chains and are stabilized by double bonds, which consist of a bond of the carbon 2s +2p z atomic orbitals along the chain axis, and bonds of 2p x and 2p y orbitals. Because of the cylindrical symmetry of the chain structure, the latter orbitals form a doubly degenerate but half-filled band, which cross the Fermi level. The double bond structure underlies the unusual properties of C n , such as its high axial strength, transversal flexibility, and strong cohesion. For example, the elastic stiffness of C n , i.e., the second derivative of the strain energy per atom with respect to the axial strain, d
2 E / d 2 , was calculated to be 119 eV, which is twice the value calculated for the carbon nanotubes. 51 Despite its low coordination number of two as compared to four in diamond or three in graphite, the cohesion energy of C n is as large as 90% of that of diamond crystal. Mechanical, electronic and magnetic properties of TM-C n -TM are derived from those of carbon strings. Our concern is first to demonstrate that TM-C n -TM chains are stable and that their synthesis is energetically feasible.
Transition state analysis performed for different reaction paths provides us with the conclusive evidences showing that the linear TM-C n -TM atomic chains are stable and can be synthesized. In Fig. 1 , we present the energetics related with the formation of CoC 7 Co and CrC 7 Cr atomic chains. These chains can conveniently grow from a finite C n chain by attaching TM atoms from both ends. No energy barrier is involved in the course of the binding. First, a single Cr atom is attached to the left end of the chain consisting of seven carbon atoms. Then, the second Cr atom is attached to the free right end. As expected, the variation of the binding energy, E b , of the Cr atom with respect to its distance d from the end of the carbon chain is similar for both Cr atoms. The symmetry of the E b ͑d͒ curves for the left and right panels in Fig. 1 can be broken for small n, where significant direct coupling between two TM atoms can be present. The binding energy of the Co atoms are found to be larger than that of Cr. The binding energies in the range of 2 -4 eV/per TM atom indicate an exothermic process. The energetics of growth clearly demonstrates that TM-C n -TM chains are not simply a theoretical construct of fundamental interest, but they can also be realized experimentally. To this end, carbon monatomic chain produced at the center of a multiwall carbon nanotube, 54 can be used as the initial stage of the fabrication. This way carbon nanotube itself encapsulates the compound and protects it from oxidation and chemisorption of foreign atoms. Experiments can be achieved by atomic manipulation using atomic force microscopy.
The optimized atomic structure of TM-C n -TM atomic chains, in particular interatomic distances slightly vary depending on whether the chain is in ferromagnetic or antiferromagnetic state. However, a systematic variation based on the type of the magnetic state could not be deduced. On the other hand, in Fig. 2 it is seen that C-C bond lengths of the chains exhibit a significant difference depending on n being odd or even. We note that C-C double bonds are rather uniform with d ϳ 1.28 Å when the number of carbon atoms n is odd for both the FM and AF states. However, in the cases with even n there exists a bond-length alternation with two different types of C-C bonds. For the even n case, alternating single and triple C-C bonds with d sin ϳ 1.33 Å and d tri ϳ 1.25 Å are realized. When the carbon chain tends to dimerize the terminal Cr or Co atoms have longer bond lengths. The even-odd disparity displayed by the length and hence the types of bonds originate from the symmetry.
B. Ab initio molecular dynamics calculations
It might be expected that the chain structures are vulnerable to clustering due to random motion of individual atoms at elevated temperatures, if the equilibrium structure has instabilities. To check this effect we further tested the stability of the TM-C n -TM linear chains by carrying out ab initio molecular dynamics calculations at high temperatures using Langevin thermostat. 46, 55 Calculations carried out for all structures at high temperatures ͑800 K Ͻ T Ͻ 1200 K͒, for 250 time steps ͑0.5 ps͒ confirmed the stability of linear chain geometry.
C. Breaking strength of the atomic chains
A crucial property of atomic chains is their stability against applied axial stress. The breaking strength is the maximum strain that a TM-C n -TM atomic chain can sustain. Variations of total energy and the tensile force as a function of in CrC n Cr for n = 3 and 4 are presented in Fig. 3 . Here the tensile strain is defined as the fractional elongation of the chain, namely = ͑L − L 0 ͒ / L 0 , where L 0 is the equilibrium length of the chain, and L is the length of the structure under the applied tensile force F t . We note that F t =−L 0 −1 ‫ץ‬E T / ‫.ץ‬ For small tensile strain ͑Ͼ0͒ the variation of E T is parabolic. Initially, the tensile force, F t increases with increasing , passes through a maximum that corresponds to an inflection point of attractive E T . Further increase of leads to decreasing of F t . The maximum of F t corresponds to the breaking point of the chain. Since the carbon-carbon bonds are much stronger, the chain breaks at one of the Cr contacts. In Fig. 3 the breaking strain is estimated to be B ϳ 13%.
IV. MAGNETIC PROPERTIES
The principle character of the TM-C n -TM atomic chains is their magnetic ground state that varies with n. The exchange interaction of the magnetic TM atoms through the nonmagnetic carbon chain determines the magnetic ordering in these molecular structures. In order to find the ground state magnetic moment, the total energy of the TM-C n -TM structure is calculated for each possible value of its magnetic moment, since spin-relaxed calculations may sometimes fail to reach the lowest-energy magnetic state within the numerical algorithms available. If AF state is not the ground state, it is in general lowest-energy configuration of a FM ground state in the TM-C n -TM structures. The energy difference of the AF and the lowest-energy FM states, ⌬E FM→AF = E T ͑AF͒ − E T ͑FM͒, is a measure of the strength of the exchange interaction between the two TM atoms, and it is tabulated in Table I for all the elements of the 3d TM row of the periodic table, with n = 1 to 7. A negative value of ⌬E FM→AF corresponds to an AF ground state. It is the energy required to invert the local magnetic moment on one of the TM atoms to obtain an antiparallel alignment of the moments on the TM atoms starting from the parallel alignment ͑FM state͒. The net molecular magnetic moments corresponding to the ground state are also tabulated in Table I ͑if the ground state is AF with = 0, the moment of the higher energy FM state is given in parenthesis͒. The total energy calculations performed using spin polarized local-density-approximation ͑LDA͒ 55 resulted in energies similar to those obtained by using spin-polarized GGA. For example, ⌬E FM→AF of CrC 3 Cr is calculated to be 1.03 eV and 0.87 eV using LDA and GGA, respectively. Similarly CrC 4 Cr has ⌬E FM→AF = −0.11 and −0.08 eV by using LDA and GGA, respectively. In particular, the magnetic order in the ground states of chain structures are found to be robust and does not change when either one switches from GGA or LDA are employed.
An interesting feature revealed from the Table I is for a given TM atom the ground state of the TM-C n -TM chain varies between FM and AF configurations as a function of the number of carbon atoms. The variations are dominantly in the form of regular alternations with a period of two atoms in particular for V, Cr, Fe, and Co. For the CrC n Cr molecules, the ground states are AF for even n, where the first excited state is FM with a total magnetic moment =10 B ͑ B is the Bohr magneton͒. However for odd n the ground state is FM with =8 B . Calculations for CoC n Co molecules show a similar but inverted behavior. The ground state is AF for odd n and the energy difference ⌬E FM→AF again oscillates in sign with the variation of n but the signs are inverted. This even-odd n alternation is inherent to atomic chain structures, and manifests itself in the electronic and conductance properties of atomic chains. 51, 56, 57 The regular alternation of the magnetic ground state for longer CrC n Cr and CoC n Co chains up to n = 15 have been found to persist.
The strength of the exchange interaction decays slowly with increasing n, as expected. In Fig. 4 we consider the case for CrC n Cr as an example. The decay rate of the interaction as a function of the distance d between the Cr atoms is empirically deduced by fitting the ⌬E FM→AF values to a simple power dependence ϳd ␣ . The value of ␣ turns out to be −0.72 and −1.43 for the FM and AF configurations, respectively. Models for extended systems ͓such as Ruderman-KittelKasuya-Yosida ͑RKKY͔͒ that describe the exchange interaction of magnetic moments embedded in nonmagnetic media predict an asymptotic decay of the interaction in the form d −1 in one-dimensional systems. As will be discussed later in this section, this discrepancy exemplifies that conventional models are not readily applicable to the present molecular TM-C n -TM structures.
The 3d TM atoms can be grouped into sets according to the n-dependent ground state variations of the TM-C n -TM chains. Namely, Ti, V, and Fe display Co-like regular alternations, with the exception of TiC 3 Ti, where the ground state is found to be FM, although all other odd-n cases have AF states. Mn, Cr, and also Mo from the 4d row, on the other hand, display an inverted alternation where FM and AF states are interchanged relative to the first set of elements. Again, MnC 1 Mn is an exception. The latter set of TM atoms have the common property of half-filled d shells, namely the electronic configurations of the neutral atoms having 3d 5 . The variations of the magnetic ground state with n of the chains made by Sc and Ni atoms, the far-end elements of the 3d row of periodic table, are different from the others. For Sc, all cases with n = 1 to 7 have AF ground states. Although the behavior of Ni resembles to that of the Co group in that the even-n cases have FM ground states, the odd-n cases are nonmagnetic with = 0. Figure 5 illustrates the variations of ⌬E FM→AF versus the number n of carbon atoms in the chain for the three different sets of TM atoms. In the TM-C n -TM molecules not only the magnetic ground state and the total molecular magnetic moment but also the distribution of the atomic magnetic moments display interesting variations. The spin-dependent interactions within the molecule create distortions in the spin populations of the carbon atoms, leading to induced magnetic moments on the carbons too, which are nonmagnetic otherwise. We calculate the atomic magnetic moments based on an orbital-resolved Mulliken analysis. 47 In Fig. 6͑a͒ CoC 4 Co and CrC 4 Cr are considered as sample cases in their ground and first excited magnetic states. Several distinct forms of atomic magnetic moment distribution on the carbon chain are obtained depending on the magnetic state of the molecule, type of the TM atom, and the length of the chain. The induced magnetic moments on the carbon atoms neighboring to the Cr atoms are as large as ͉͉ϳ0.3 B in CrC 4 Cr. Owing to perfect linear geometry and quantum interference effects the induced magnetization of C atoms can be long ranged. In Fig. 6͑b͒ we display their variation in the ground states of two longer molecules, CoC 15 Co and CrC 15 Cr, together with atomic spin populations and changes in total valance charges relative to isolated atoms. We observe that in the FM ground state of CrC 15 Cr, even though the total charge transfer of the carbon atoms are small except for the end atoms, there induces considerable spin imbalance on the carbon atoms leading to atomic magnetic moments alternating in sign.
The mechanism of the long-range exchange interaction between the TM atoms in the TM-C n -TM structures can be inferred from the analysis of spin dependent interactions. It is in some respects reminiscent of RKKY interaction 58 which deals with the coupling between magnetic impurities in a nonmagnetic host, and the interlayer exchange coupling of magnetic layers separated by nonmagnetic spacer layers. [59] [60] [61] RKKY interaction is a second-order perturbative effect that plays a significant role in determining the coupling of localized d-shell electron spins in a metal by means of an interaction through the conduction electrons of the medium. The ferromagnetic and/or antiferromagnetic oscillations in the indirect exchange coupling of the magnetic impurities is a prediction of the RKKY theory. The interlayer exchange coupling theories explain the oscillatory variations in terms of the spin dependent change of the density of states due to quantum interferences generated by multiple reflections from the interfaces. In both formulations the oscillatory exchange coupling is related to the sharp cutoffs in momentum space due to the Fermi surfaces of the host or the spacer media.
Here, owing to the quasi-zero-dimensional nature and hence finite level spacing of the TM-C n -TM structures, and nonperturbative character of the interaction of the TM atoms with the carbon chain a different treatment is required. One needs to employ self-consistent density functional methods or a direct diagonalization of the spin-dependent model Hamiltonian of the system. In the following we present a simple model that can explain the qualitative features of the indirect exchange coupling in the TM-C n -TM molecular structures.
A. A tight-binding model
Variation of the exchange coupling between magnetic layers or atoms separated by nonmagnetic spacers has been widely studied for extended bulk or layered systems both experimentally and theoretically. In our case of TM-atom capped carbon chains, the nonperiodic nature of the system, and the strength of the spin-dependent interactions requires a model which can take into account the molecular character of the system. We propose a simple model in order to explain the dominant mechanism of the exchange interaction between the TM atoms through a quasi-zero-dimensional nonmagnetic spacer, i.e., the finite carbon chain. Two main features of the interaction to be simulated within our model are ͑i͒ the variation of the energy difference between the FM and AF states of the chain ͑namely ⌬E FM→AF ͒ with respect to the number of carbon atoms present, ͑ii͒ the dependence of atomic magnetic moments on the number of C atoms, and on the species of the TM atom. We keep the model as simple as possible for the clarity of the basic mechanism. Consider a tight-binding model Hamiltonian where each atom is represented by a site with a single level per spin type. We allow only the first nearest-neighbor hopping.
where i is the site index. Zeroth and ͑n +1͒th sites are the TM sites, in between are the carbon sites. c i, and c i, + are the annihilation and creation operators for an electron with spin ͑ = ↑ , ↓ ͒. The onsite energies ⑀ i, and the hopping terms t i,i+1; are both spin dependent. The nonmagnetic carbon sites are represented by spin-degenerate parameters, and the effect of TM capping is simulated by assigning spin-dependent on site and coupling parameters to the TM sites.
The relative strengths of the spin-dependent parameters of the TM sites can be inferred from the electronic structure of isolated TM atoms. The number of spin-up and spin-down electrons are different for a TM atom and the highest occupied ͑lowest unoccupied͒ spin up atomic level is different from that of the down spin. This enters to our model as different on-site parameters for each spin. The effective coupling parameters of the two spin states to the neighboring C sites will be different for the same reason. We choose the magnetic moment of the left TM site as positive and that of the right TM site is to be chosen with respect to the magnetic state of the molecule, that is positive for ferromagnetic and negative for antiferromagnetic alignments. In Fig. 7 a schematic plot of valence electron distributions that can be correlated to the relative strengths of the model Hamiltonian parameters is shown.
An interpretation of this model is possible if one makes an analogy with a particle in a one dimensional potential well. 61 One needs to consider two different potential profiles for the electrons of each spin type. The potential for the majority spin electrons at the left TM site is higher than the potential at the spacer, namely, the well region. It leads to symmetric potential profiles for each spin type for the ferromagnetic configuration and antisymmetric ones for the antiferromagnetic case.
The Hamiltonian is then characterized in terms of parameters ͕E 1 , E 2 , t 1 , t 2 ͖ where E 1 = ⑀ 0;↑ , E 2 = ⑀ 0;↓ are the on-site energies for the majority and minority spins of the left TM site and t 1 = t 0,1;↑ , t 2 = t 0,1;↓ are their coupling energies to the nearest carbon site. We set the onsite energy of the carbon sites to zero as reference and C-C hopping parameter to t for both spin types. As we consider the same species of TM atoms at both ends, the on-site and hopping parameters of the right TM site are chosen in accordance with the particular magnetic order of the molecule ͑FM or AF͒. Having written each parameter in units of t, we diagonalize spin-up and spin-down Hamiltonians of the system separately since we do not consider any spin-flip interactions. The energy spectrum for each spin type in both FM and AF states of the molecule is calculated, and half filling is applied to the combined spectra to end up with the total energies of the FM and AF configurations.
We consider Co and Cr as the cap TM atoms. Isolated Cr has five majority and zero minority spins in its d shell, whereas isolated Co has five majority and two minority spins. When the TM atom is chemically bound to the C chain from left, the electrons of the leftmost C atom will experience different interaction potentials depending on their spins, and the coupling terms to the TM site will also be spin dependent.
The energy cost for a majority spin electron to hop from the C site to the TM site is expected to be comparable for both Co and Cr atoms in view of their isolated electronic configuration. On the other hand, the energy required for a minority spin electron to hop from the C site to the TM site should be larger for Co atom than it is for Cr atom. Similarly, the hopping terms are different for minority spin electrons hopping to Co or Cr atoms. Along these arguments, we find that the parameter sets ͕1.0, 0.0, 1.5, 1.0͖ and ͕1.0, 0.3, 1.5, 0.5͖ for Cr and Co, respectively, lead to results in fairly good qualitative agreement with our first-principles DFT results. The difference in total energy of the molecule for varying number of C atoms is presented in Fig. 8 , as calculated using both the DFT methods and the simple tight-binding model. Although the model does not include any self-consistent calculations for the electronic configuration it is capable of representing the basic physical mechanism underlying the magnetic state dependence of the TM-capped C chains on the number of atoms in the C chain.
B. Asymmetric atomic chains
So far we have discussed the symmetric TM-C n -TM finite chain structures. How the above features change when the atomic symmetry of the chain is broken or the chain has only one TM atom like C n -TM-C m is the question we address next. First we consider the TM-C n -TM structure having asymmetry in the type of TM, like CoC n Cr chain with n =1-4. As expected, ⌬E FM→AF = E AF − E FM is large and approximately equal to 1.6 eV for even n, but is relatively small and equal to 0.7 eV for odd n. Nevertheless, ⌬E FM→AF Ͼ 0 indicating that the ground state of all these FIG. 7 . ͑Color online͒ Schematic electronic configuration of a TM-C n -TM structure in an AF state. TM sites have different on-site energies than the C sites, and the hopping terms are dependent on the magnetic ordering. The energy cost for a spin-up electron of the first C site to hop to the first TM site is different from the energy cost for a spin-down electron to do the same hopping. The energy costs are reversed between the spins of the nth C site where they are identical for each spin for hopping between different C sites.
chains is ferromagnetic for all n; =7 B for even n, and =5-6 B for odd n.
Another interesting situation combines two chains, CoC n Co and CoC m Co with n = m −1 or n = m, into a chain CoC n CoC m Co. It is interesting to know the type of ground state of the chain, since CoC n Co is ferromagnetic for even n, but antiferromagnetic for odd n. We found that the chain with n = 3 and m = 2 is FM. It has ⌬E FM→AF = 0.32 eV and =5 B . The case n = m = 3 has still FM ground state with ⌬E FM→AF = 0.23 eV and =10 B in spite of the fact that CoC 3 Co has an AF ground state Finally, simple transition metal atom in a chain, namely C n CrC m can be viewed as an impurity. We considered n = m =1-3 symmetric case and n =1, m =2-4; n =2, m =3,4 asymmetric cases, as shown in Fig. 9 . In these chains even-odd disparity or dependence of bonding patterns on the number of C atoms is not observed. What we find is strong interaction between Cr and the nearest C atoms, and ferromagnetic ground state with =4-6 B . In all cases, expect for n = m = 3, HOMO is a spin up state. For the wires with m Ͼ n + 1 highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ become spin down states and =6 B .
V. ELECTRONIC PROPERTIES
TM-C n -TM chains have electronic energy structure with finite level spacing. Because of their magnetic ground state we define energy gaps separately for the minority and majority spin states. Namely, the gap for majority spin states is
Similarly, for the minority spin states the energy gap is
In Fig. 10 we show spin dependent HOMO and LUMO energy levels of CoC n Co and CrC n Cr ͑for n =1, ... ,7͒ for their magnetic ground and 
A. Effect of strain
We have shown that the TM-C n -TM structures can sustain strains of ϳ 13% before they break. We consider how the electronic and magnetic properties of these chains change under the applied stress. We have calculated ⌬E FM→AF , and E g ↑ and E g ↓ as a function of . Results are listed in Table  II which show that the magnetic properties are robust. The AF or FM ground state and the value of the magnetic moment remain unchanged. However, E g ↑ and E g ↓ display significant variation due to the relative shifts of LUMO and HOMO levels under tensile strain 0 ഛഛ0.1. In general due to the decreasing coupling between orbitals, E g ↑ of TM-C n -TM ͑with TM= Cr, Co and n = 3 and 4͒ decreases as increases. This trend is inverted only for CoC 4 Co chain.
B. Half-metallic properties
Further, adding to the interesting magnetic and electronic properties of TM-C n -TM finite size atomic chains, the periodic ͑TM-C n ͒ ϱ chains show half-metallic properties. Half-metals ͑HM͒ are a class of materials which exhibit spin-dependent electronic properties relevant to spintronics. [36] [37] [38] [39] In HM's, due to broken spin degeneracy, energy bands E n ͑k , ↑ ͒ and E n ͑k , ↓ ͒ split and each band accommodates one electron per k point. Furthermore, they are semiconductors for one spin direction, but show metallic properties for the opposite spin direction. As a result, the difference between the number of electrons of different spin orientations in the unit cell, N = N ↑ − N ↓ , must be an integer and hence the spin-polarization at the Fermi level
Here D͑E F , ↑ ͒ is the density of states of the majority spin states. This situation is in contrast with the ferromagnetic metals, where both spin-directions contribute to the density of states at E F and P is less than 100%.
Earlier we showed that ͑CrC n ͒ ϱ ͑n =2, ... ,7͒ and ͑CoC n ͒ ϱ ͑n =1, ... ,6͒ are stable periodic structures and exhibit halfmetallic properties with interesting even-odd disparities. 40 Spin-dependent total density of states of ͑CrC n ͒ ϱ and ͑CoC n ͒ ϱ are presented for n = 3 and 4 in Fig. 11 . For ͑CrC 3 ͒ ϱ , the majority spin bands are semiconducting with E g ↑ = 0.4 eV, but the minority spin bands cross the Fermi level showing a metallic behavior. However, in ͑CrC 4 ͒ ϱ periodic chain the majority spin bands become metallic, while minority bands are semiconductor with a large gap, E g ↓ = 2.9 eV. Here we note also the even-odd n disparity in the spin types of metallic ͑semiconducting͒ bands. The number of carbon atoms determines whether the majority bands are an n-type or p-type semiconductor. For example, ͑CrC 3 ͒ ϱ is a p-type semiconductor with direct band-gap. For ͑CoC 3 ͒ ϱ , E g ↑ is direct and it exhibits an n-type character, but it is p-type when n =4.
TM-3d orbitals play a dominant role in the electronic and magnetic properties of these periodic chains. The dispersive bands show significant TM-3d and C-2p hybridizations. Although small modifications to the band structure can be expected due to many body effects, the band structure leading to a metallic character is found to be robust and is not affected by the axial tensile stress of Ͻ0.05. The spin-orbit coupling energy is also small and cannot influence the halfmetallicity. Calculations performed in a double unit-cell demonstrated that the Peierls instability that could have caused the splitting of the metallic bands at the Fermi level does not occur in the present systems. It should be noted that the band picture ceases in small segments of ͑TM-C n ͒ due to broken translational symmetry. Then, bands are replaced by the distribution of discrete states. However, as n increases the continuous state distribution of ͑CoC n ͒ ϱ is recovered. In summary, the indirect exchange interaction of two Cr ͑or Co͒ atoms in the above structures underlies the half-metallic properties.
VI. TRANSPORT PROPERTIES
The spin-dependent properties of the isolated TM-C n -TM chains are expected to lead magnetoresistive effects in their electronic transport properties similar to the GMR effect observed in magnetic multilayers. Only the two TM atoms play the role of the ferromagnetic layers, and the carbon chain is the spacer mediating the exchange interaction, leading to giant magnetoresistance ratios, and hence an analogous molecular scale GMR effect can be achieved.
Conductance properties of molecular devices, however, depend not only on their intrinsic structure but also on the electrodes. In particular if the coupling of the device to the electrodes is strong, the electronic structure and hence the transport properties of the device can be quite different, and cannot be inferred from the electronic structure of the isolated device. For the sake of simplicity we have considered Au and Al atomic chains to model the electrodes. Using more realistic electrodes with larger cross sections does not change the qualitative features of the magnetoresistive properties, but only increases the conductance values due to increased density of states at the electrodes. Hence, properly treated semi-infinite atomic chain electrodes still capture the essential features of the conductance properties of these molecular-size devices. In the case of Au electrodes, we find that the AF ground state of the TM-C n -TM structures were maintained with smaller ͉⌬E FM→AF ͉ values than that of their isolated forms. However, the ground states were changed to FM upon connecting to Al electrodes. In what follows we present our results obtained using Au-electrodes.
We calculate the conductance of the device within Landauer formalism, G͑E͒ = ͑e 2 / h͒Tr͑⌫ L G r ⌫ R G a ͒, for each spin configuration. 49 In the above, G r and G a are retarded and advanced Green's functions, ⌫ L and ⌫ R are coupling functions to the left and right electrodes, respectively. In order to match the device potential and the surface potential of the semi-infinite electrodes, the device regions are defined to include some portions of the electrodes as buffer atoms. The self-consistent calculations lead to spin-up and spin-down Hamiltonians 47 of the device region, which are used to calculate the transmission coefficient for each spin state in the AF as well as in the excited FM configuration. The surface Green's function of the contacts is calculated recursively.
Our results for the CrC n Cr ͑n =3-5͒ atomic chains, which is connected to the Au ͑chain͒ electrodes from both sides are presented in Fig. 12 . The calculated conductance G of these nanostructures in their ground state is given in the left panels. Since n = 3 structure is in FM state, majority spin electrons have G ϳ 0.5 e 2 / h while the minority spin electrons have negligible conductance. The situation is dramatically different for n = 4 which has AF ground state resulting in same but relatively smaller transmission for both spin orientations. CrC 5 Cr has a FM ground state as n = 3, but the conductance of majority spin electrons is relatively smaller due to the position of energy levels with respect to the Fermi level.
In the right panels, the transport characteristics of the excited states undergo dramatic changes. The conductance of spin-up electrons coincides with that of the spin-down electrons in the AF ground state of CrC 4 Cr, namely spin-valve is off. In its FM excited state while the transmission of spindown electrons is substantially suppressed, the conductance of spin-up electrons is enhanced by one order of magnitude. In the latter situation, the spin valve is on. This is a clear indication of spin-valve effect through the linear CrC 4 Cr molecule between two gold electrodes.
In Fig 13, a behavior similar to CrC n Cr molecules is found for CoC n Co molecules between two gold-electrodes. Here the spin valve effect occurs for n = 3 and n =5. In the excited FM state of CoC 3 Co molecule the conductance of minority spin states is enhanced. We note that spin-valve effect in CrC 4 Cr and CoC 3 Co occurs effectively at E Ͻ E F , and at E = E F for CoC 5 Co. The shift of the maximum transmission from the Fermi level arises due to the shift of the energy levels of TM-C n -TM molecule due to various reasons, such as number of C atoms and coupling to electrodes. We also note that the contribution of tunneling becomes significant for small n.
It should be noted that the most fundamental finding of the present work is the regular alternation of the ground state of CoC n Co atomic chains ͑and also other TM-C n -TM atomic chains with TM= Ti, V, Mn, Cr, Fe, Mo͒ between FM and AF states as n is varied. Stated differently, for example, AF ground state of such a chain changes to FM ground state and vice versa when n is increased or decreased by one. Calculations of similar chain structures have been recently reported by another group, 62,63 but our results do not confirm some of their conclusions. They analyze spin-dependent energetics and conductance for 1D atomic carbon wires consisting of terminal magnetic ͑Co͒ and interior nonmagnetic FIG. 13 . ͑Color online͒ Conductance vs energy for the CoC n Co ͑n =3-5͒ atomic chains between two infinite gold electrodes. The left ͑right͒ panels are for the ground ͑excited͒ magnetic states of the structures. The Fermi levels are set to zero.
͑C͒ atoms sandwiched between gold electrodes, obtained by employing first-principles gradient-corrected density functional theory and Landauer's formalism for conductance. They report that the antiparallel spin configuration of the two terminal Co atoms corresponds to the ground state irrespective of the number of C atoms in the wire for n up to 13.
In systems with open-shell configurations it is difficult to converge to the ground state. 64 This is why in well developed commercial codes ͑similar to GAUSSIAN03͒, imposing wave function stability is highly recommended to achieve the ground state for an open-shell configuration. Unfortunately, this subtle point is sometimes overlooked. However, we knew that our investigated systems would have several local minima and would be difficult to converge to the ground state. Hence each system ͑presented in the paper͒ has undergone stringent criteria. They have been simulated starting from different initial conditions. We have also tested our conclusions by employing three independent codes, VASP, SIESTA, and GAUSSIAN03. In the latter code we have also imposed wave function stability on our systems. All these extensive numerical tests led to consistent results which disagree with the conclusions of Refs. 62 and 63. We also note a striking example which clearly shows that the calculations of Ref. 62 did not converge. The conductance results presented in Fig. 5 of the paper by Pati et al. 62 for the AF state of a symmetric molecule are unrealistic. Due to the system symmetry spin-up conductance should match exactly to that of spin-down; however, their results do not reflect this simple criterion. Based on these arguments we believe that the results of Ref. 62 did not converge to the ground states of the structures. Hence they miss the odd-and even-n disparity observed in our work.
VII. CONCLUSIONS
We have studied the spin-dependent electronic, magnetic, and transport properties of atomic chain structures composed of carbon and transition metals, TM-C n -TM molecules, using first-principles methods. Synthesis of the linear structures of these finite atomic chains is energetically feasible, and they are stable even at elevated temperatures. The indirect exchange interaction of the TM atoms mediated by the carbon atomic chain determines whether the FM or AF alignment of atomic moments leads to a lower energy. The ground state configuration and the total magnetic moment of the structures are determined by the number of carbon atoms in the spacer, and the type of the TM atom. The size-dependent variations of the physical properties of such systems exhibit several distinct forms, including regular alternations for Ti, V, Mn, Cr, Fe, and Co, and some irregular forms for Sc and Ni cases. In order to understand the underlying mechanism of such diverse variations we presented a simple tightbinding model. We also investigated the transport properties of these structures. The conductance of TM-C n -TM molecules when connected to metallic electrodes shows a strong spin-valve effect.
